Hadley cell expansion, Southern Ocean cloud radiative effect variability, and climate sensitivity
in CMIP6 models
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How shifts in the main features of the atmospheric zonal mean circulation affect the components of the

cloud radiative effect?
How well do models simulate this cloud/circulation coupling and what are the effects of model

simulation deficiencies on climate sensitivity?
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Annual 4xC0O2 SWCRE changes in CMIP5 models and their relation to climate sensitivity
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In 4xCO2 runs:

LML SWCRE warming is
significantly predicted by
climatological HC edge position

Therefore, ECS is significantly
constrained by the climatological
HC edge position, and models
with more realistic HC edge

positions tend to have lower ECS
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Annual 4xC0O2 SWCRE changes in CMIP5 models and their relation to climate sensitivity
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4XCO2 - PI SWCRE (W/sq.m)

change in zonal mean SWCRE (DJF) in each CMIP6 model
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* High-ECS CMIP6 models analyzed so far tend to produce larger LML SWCRE warming in

4xCO2 simulations than any CMIP5 model

 This LML SWCRE is weakly correlated to the climatological Hadley cell edge position for
this CMIP6 model subset, and the associated ECS values are not correlated to the Hadley

cell edge







What are the cloud/radiation effects of circulation shifts?

CloudSat/CALIPSO cloud vertical profile
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Regressions between Hadley/Jet shifts and cloud and CRE properties

SH N. Atl. N. Pac.
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Only Dynamics-Clouds pair coherently shifting in (almost) all basins/seasons is

Hadley-High Cloud

Jet shifts coherently with High Cloud only in N. Atlantic - DJF

High Cloud-Jet/Hadley poleward shifts in N. Atlantic — DJF produce SW
warming, while High Cloud-Hadley poleward shifts in S. Ocean DJF/JJA produce
SW cooling




Cloud/radiation changes with poleward Hadley/jet shifts
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High cloud
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Cloud/radiation changes with poleward Hadley/jet shifts

b) Southern Ocean
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Global Low + Middle cloud cover in DJF

DJF
Low +Middle Cloud Cover
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High clouds in the Southern Ocean are embedded in a cloud field of very high
low- and middle-cloud amounts — High cloud shifts have small effect on total
cloud cover
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Omega changes with Jet and Hadley shifts
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In the N. Atlantic winter, Jet and Hadley shifts correspond to large

omega changes, while in the Southern Ocean winter the omega

changes from such shifts are small

0.010

CRE changes with omega/EIS

Grise and Madeiros 2016

S. Ocean 40-50S
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LWCRE varies primarily with
omega, while SWCRE variability
is dependent on both omega
and EIS



High cloud, Hadley, and Jet shifts in the 1983-2009 period
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* Hadley cell and high clouds have been shifting consistently poleward at rates of 0.3-0.5
degrees/decade in the Southern Hemisphere

* Hadley cell expansion would be the primary culprit for the observed cloud poleward shifts



Discussion

Hadley cell extent correlates strongly with high cloud shifts in almost all basins and
seasons. Storm track or eddy jet location show weaker correlations with high cloud,

mostly in the winter seasons.

Radiative effects of cloud shifts are complex and vary with latitude and season. LW CRE
shows expected warming/cooling dipole with poleward high cloud shifts. SW CRE shows
subtropical warming with Hadley/jet shifts in the N. Atl. but cooling almost everywhere
in the Southern Ocean. Lack of S. Ocean warming with the high cloud shifts may be due
to weak vertical velocity response and/or large cloud amount of the background low and

middle cloud field.

The high cloud poleward shift observed in ISCCP in the 83-09 period can be attributed to
Hadley cell expansion rather than jet poleward shift.

Question now is, how do models simulate those coherent dynamics-clouds-radiation
shifts, and do those shifts matter to model climate sensitivity



DJF 4xCO2 SWCRE changes in CMIP5 models and their relation to climate sensitivity
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Observational and model control run SWCRE
response to 1-degree poleward HC shift

Observations (-0.69 Wm-)
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Unlike the observations, model control runs show a
zone of SWCRE warming in the SH LML region when
HC edge shifts poleward.

Lipat, Tselioudis, Grise, Polvani, GRL, 2017
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Models that in control runs warm strongly the LML
region with poleward HC shifts....
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LML HC-SWCRE (Wm*deg!)
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In Pre-Industrial control runs:

. Changes in LML SWCRE with
poleward Hadley cell shift
correlate strongly with HC edge
climatological position

. This is because LML mean
subsidence is weaker in models
with more narrow HC, and their
subsidence change is larger when
the HC edge shifts poleward

In 4xCO2 runs:

. LML SWCRE warming is
significantly predicted by control
SWCRE change with poleward HC
shift and, thus, by climatological
HC edge position

. Therefore, ECS is significantly
constrained by the climatological
HC edge position, and models
with more realistic HC edge
positions tend to have lower ECS
values
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Lower midlatitude warming in CMIP5 models shows dependence on
climatological HC circulation, but may also be related to the mechanics of the
cloud-dynamics interactions

Question

To what extent does climatological circulation control model differences in
cloud-circulation coupling?

How to Answer
Compare cloud-circulation coupling in “climates” where only difference is
climatological circulation

Tool to Answer
ECHAMG: general circulation model in idealized aqua-planet configuration with
10m slab ocean

Method

Vary model HC edge latitude by varying value of boundary layer drag, and
compare cloud-circulation coupling between the different model runs

Lipat, Voight, Tselioudis, Polvani, 2017, submitted




SWCRE change with HC shift in ECHAM®6 and in CMIP5 models
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Discussion

« Spread in model differences in midlatitude cloud-circulation coupling is significantly constrained by
model climatological circulation

« Climates with narrower vs. wider HCs exhibit stronger HC-induced SWCRE warming.....
* ... resulting from subsidence warming of boundary layer that “burns away” low cloud.......
. ... and is stronger for narrower HCs due to larger omega gradients

* Improving models’ climatological circulation can remove this bias, thus constraining mid-latitude
SWCRE feedback

Overall Remarks

« HC expansion a dominant feature in midlatitude circulation-cloud-radiation feedback loop

« Observational analysis of HC expansion (or jet poleward shift) indicates weak SW warming in the lower
midlatitude region of the Southern Ocean

* Models, for the most part, simulate lower midlatitude SW warming with poleward HC expansion and,
therefore, with climate warming

« Amount of LML SWCRE warming depends on climatological HC position, which affects the mean and
the change of the LML subsidence

« Models with wider, more realistic Hadley cells tend to produce smaller SW LML warming in climate
warming simulations, and thus have lower climate sensitivities



Local Indicator of Spatial Association (LISA)
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a) DJF North Atlantic b) DJF Southern Ocean
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Regressions to Eddy driven Jet
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Hadley cell shifts correlate with high cloud changes in almost all basins/seasons
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Radiative signature of poleward cloud shifts is complex and different in different basins
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Regression on Hadley cell in JUA
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a) DJF North Atlantic b) DJF Southern Ocean
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Trends in cloud and dynamics central latitudes in the last 29 years
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* Hadley cell and high clouds have been shifting consistently poleward at rates of 0.35-0.72
degrees/decade or about 1.5 degrees in the last 30 years

* Hadley cell expansion would be the primary culprit for the observed cloud poleward shifts



